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which drives the Doppler dimming effect
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“Some” Wind Speed determinations in Solar Corona

Rocket UVC (H | Lya) & WLC (pB) - Coronal Hole at 2 Rs, u=217%3% km/s, Strachan+ 1993

LASCO/SOHO Wight light Streamer Blobs, Sheeley+ 1997

UVCS/SOHO Oxygen ions speed map, Giordano+ 1997

UVCS/SOHO Proton speed Coronal Hole, Cranmer 2009

STEREO-A/COR2 Intermittent inhomogeneous Fine Structures, Deforest+ 2018

Comets H | Lya UVCS/SOHO at6Rs, u= 75+ 25 km/s, Giordano+ 2015
Metis/SO at 14 Rs,u =190 + 50 km/s, Bemporad+ 2023

Radio scintillations

PSP In-situ that is in the Solar Corona
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Doppler Dimming Inversion - Dolei+ 2018
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“Doppler dimming” Wind Speed determinations in Solar Corona
UVCS/SOHO Proton speed maps

HI outflow velocity map — 1997/06/14
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Doppler Dimming Quick Inversion - Bemporad+ 2021
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Metis/SO wind speed map Equatorial Region - Romoli+ 2023

Outflow velocity (T, = T,)

“Doppler dimming” Wind Speed determinations in Solar Corona

2020/05/15 11.39.25 UT

METIS/SO Proton speed maps
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HIlLya 1215.67A Radiative Component
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HIlLya 1215.67A Radiative Component
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Doppler Dimming Diagnostic: Parameters

Iobs
Ne

J Texd2

lex(4)

Observed H | Lya Intensity Metis UV images

Electron Density Metis pB images

Disk intensity LASP Interactive Solar Irradiance Datacenter daily variation, not uniform

https://lasp.colorado.edu/lisird/

Disk profile Analytical (Auchere 2005) or empirical (Lemaire+ 2002)
Electron Temperature Models, Literature, constant value **

Proton Temperature UVCS Temperature images of H | Lya line Width **
Anisotropy factor values: 1 (isotropy), 2 (maximum anisotropy) **

He Abundance values: 10% (typical), 2.5% (Moses+ 2019) **

* Dolei+ 2018, ** Dolei+ 2019
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https://lasp.colorado.edu/lisird/

Doppler Dimming Tool (DDT) Isyn = Fox (), Aper e, Tp, Ty, Ky, 1)

code flow - iterative method

VL PB e VL ElectronDensity

Get pB(x,y) observation = compute electron density 1 ,(r, 9)
Compute N, (r, U, z), 3D distribution in cylindrical symmetry

Getmodel: lox(A), Age, Te, Ty, K;

Compute T, Ty, K; Ape 3D distribution in cylindrical symmetry

ElectR@0Density

Loop over map elements (r, §) 25
Set u(r, 3) =0 km/s
Get Ty, Ty, K; Ay along the LOS (1, 3, 2) Lo
Compute Synthetic H | Lya Emissivity sy, (1, 8, 2) g s
Integrate along the LOS = Synthetic H | Lya Intensity gy, (1, O)
Compare Isyp (1, 8) to [yps(r, O)

Adjust u (r, B) iteratively
the Loop is performed 2 times:

1st Contant u along the LoS, u(r, 9)

==>Save Wind Speed Map 29 u profile along the LoS as radial profile inferred by 15t loop, u(r, 8,2) T

Polar Angle (deg)

Code History: Withbroe & Noci 1987, Noci ~1990, Dodero ~2000, Dolei ~2015, Giordano, Capuano, Zangrilli and more ~2020 to present



Doppler Dimming Tool (DDT)

code flow - iterative method

Compute N, (r, U, z), 3D distribution in cylindrical symmetry

29 u profile along the LoS as radial profile inferred by 15t loop, u(r, 8,2)



Doppler Dimming Tool (DDT)

code flow - iterative method

Compute N, (r, U, z), 3D distribution in cylindrical symmetry

ElectronDensity
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Doppler Dimming Tool (DDT)

code flow - iterative method

2"d Loop: u profile along the LoS as radial profile inferred by 15t loop, u(r, 8,2)
Extrapolation along the LoS at larger than observed height is necessary

Wind Speed Fitting and Extrapolation Wind Speed Fitting and Extrapolation
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Doppler Dimming Tool (DDT) Results

®  Metis/SO observation: January 14-17, 2021

Polarized Brightness H | Ly-alpha Intensity




Doppler Dimming Tool (DDT) Results

®  Metis/SO observation: January 14-17, 2021

Wind Speed

Electron Density H | Ly-alpha Intensity

VL ElectronDensity UV HILy it SRSty

021-01—-14TOOIFFC> <202 TS@F=94T00:37:30>

Solar Wind Speed Maps from Metis/Solar Orbiter

Giordano+ 2024 in preparation
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Doppler Dimming Tool (DDT) Results
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Doppler Dimming Diagnostic: Parameters

Iobs
Ne

J Texd2

lex(4)

Observed H | Lya Intensity Metis UV images

Electron Density

Disk intensity

Disk profile

Electron Temperature

Proton Temperature

Anisotropy factor

He Abundance

Metis pB images

LASP Interactive Solar Irradiance Datacenter
https://lasp.colorado.edu/lisird/

Analytical (Auchere 2005) or empirical (Lemaire+ 2002)

Models, Literature, constant value **

UVCS Temperature images of H | Lya line Width **

values: 1 (isotropy), 2 (maximum anisotropy) **

values: 10% (typical), 2.5% (Moses+ 2019) **

* Dolei+ 2018, ** Dolei+ 2019

I = :F(Iex(/l)'AHe’ne'TeJT 'Ki'u)
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measurement uncertainty
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https://lasp.colorado.edu/lisird/

Doppler Dimming Diagnostic: Electron

Heliocentric Distance [Re]

T, =T, = 1MK

Te Electron Temperature =[0.4, ... 1.6]MK

T Proton Temperature =[1.0, ... 3.0 MK

K, Anisotropy factor =[1, 2]
l

He Abundance =[2.5, 10]%
A He [ 1%

Wind Speed 2021-01-14T00:50:00
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Doppler Dimming Diagnostic:
Te
Iy
K;

He Abundance
Ape

Wind Speed 2021-01-14T00:50:00
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Doppler Dimming Diagnostic: Temperature Anisotropy
Wind Speed at 5.00R, Te = 8ebK Tp = 1e6K
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Doppler Dimming Diagnostic: He Abundance

Heliocentric Distance [Re]

Te Electron Temperature =[0.4, ... 1.6]MK

T Proton Temperature =[1.0, ... 3.0 MK

K, Anisotropy factor =[1, 2]
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DDT Graphical User Interface

friendly, customizable and documented way
to make solar wind speed maps
from a couple of UV and pB measurements

Different assumptions can be adopted (coronal and chromospheric model, geometry and pB inversion)

1. Select different input data (different observations, different instruments, or simulations)
2. Allow setting model/geometry parameters
3. Determine Solar Wind Speed and make maps

4. Save Results and take the record of used parameters =» allows parametric studies



DDT Graphical User Interface

D CUStomizable % DDT (Doppler Dimming Tool) v1.00 - 2024-01-19 1-3:38:4?

D d t d Setup Paraneters Load Setup File I Save Setup File
Angular Sampling {deg) |4 Radial Sampling {Rsun) |1,100
D frlend/y - L0S Sampling (Rzun) |B.500 L0S Extend {Rsun) |10,00
P - -
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H I Lya Map If:.sc:ln_L2_metis-uu—20210114T124530-cmb.Fts pE Map | |}1u11
Electron Denzity Hap | IE.soln_LE_metis—u1-ph_20210115T123001_'-.-'01_ne.Fits radial profile I}mll
* HowTolnstall
Chromospheric Profile empirical analytical Chromospheric Model uniform hotuniform
tar -zxvf ddt v1.00.tar.gz — .
Chromospheric Profile | |hull Carrington fwll Ml erg/(s cn"2 sr)/l.ed
— ph# (= cm™2 srlfl,elh
Electron Temperature map fwll radial profile fwll Const EEtIme EUED
* HowToRun —
Proton Temperature map fwull radial profile fwll Const 1,000 Kil,eb
cd v1.00/wcode -
sswidl Anisotropy factor »>=1 I;’]..OOCIUO
@ddtc
Ionization Ratio file IE:hianti.inne Inversion Conputation Type Quick “* Full
ddt _run,/GUI i v
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DDT Graphical User Interface

Input Paranmeters Load Input File Save Input File Set Input from MapS'

HI Lya Hap Ifgso1o_LE_metis-w—20210114T124530—cmb.Fts pE Map I}uull .
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Input Paranmeters Load Input File Save Input File Set Input from MapS'

HI Lya Hap Izﬁo1u_LE_metis—uv—20210114T124530-cmb,Fts pE Map | I}uull UV and pB (Or E|eCtr0n Density)
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Set Chromospheric Model

Chromospheric Profile () enpirical 4 analytical Chromospheric Model A ymiform o notuniform
Chromospheric Profile ‘ |iu11 Carrington | |§u11 Intensity IEPEH(S on"2 ar)/l,ed

phé(s cn2 sr)/l,eld

get from LISIRD
t Profile I

LASP Interactive Solar Irradiance Datacenter
https://lasp.colorado.edu/lisird/

Composite UARS/SOLSTICE SME ...

45 7x10" a6
E; TE
7 5 HI Lya Carrington maps 1923 & 1924 — from 1997/05/22 to 1997/07/15
e “m 90
: - = ! 60
Wovelength [A] = R
< S = %
Disk profile: 7 o] ieaots B
- Analytical (Auchére 2005) s i
-90 ]
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https://lasp.colorado.edu/lisird/
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Coronal Model

Te Electron Temperature map te_nap,fits radial profile fwll Const 0,000  K/l,e6
D Proton Temperature map thi_map,fits radial profile full Const 0,000  K/l,e6
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Setup Parameters:

Set Resolutions and Tolerance

Setup Parameters

o6 Angular Sampling {deg) JH.000
0LoS LOS Sampling {Rzun) | 0,500
Epzilon 1,000
l.o.s

Load Setup File I Save Setup File
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Smooth P I il
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Olos Observer
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Run

Setup Parameters

gular Sampling

(o) [1

{Rsun) IIJ.SOO LOS Extend {R=un) |§10.00
Epsilon Smooth P Ifl

Input Paraneters

Load Setup File |

Radial Sampling

Save Setup File

{Rsun) |D,100

Save Input File

iCID |

2
i
i

+ Quick “* Ful

Intensity | erg/(s o2 srisl,ed

phé{s cm™2 =r)/1,e15

Const get from LISIRD

Const 1,000 KAl,eb

H I Lya Map I solo_L?_metis-uw—2% 4T124530-cmb, Ft= pE Map | I full
Electron Density Map I olo_L2_metis—wl-pb pL15T123001_YO01l_ne,fits radial profile I I fwll
Chromospheric Profile empirical analytical geheric Hodel uniform < notuniform
Chromospheric Profile I full full

Electron Temperature map I full radial profile

Proton Temperature nap I full radial profile full

finizotropy factor >=1 I 4, 00000
Ionization Ratio file IE:hianti ,ioneq Inversion Conputation Type

I}'le map  solo_L2_metis-vl-pb_20210115T122001_Y01_ne

hl

The code can be run without the GUI,

by editing the “Setup File” and “Input File”

then executing the command: ddt_run, /NOGUI

Setup File

. /setup/ddt_setup.txt

1.00 ; Angular Sampling (Deg)
0.10 ; Radial Sampling  (Rsun)
12.00 ; Los Extend (Rsun)
0.50 ; Los Sampling (Rsun)
1.00 ; %Tolerance

../../ddtdata/input/ab/
../../ddtdata/input/chr/
../../docs/
../../ddtdata/input/te/
./../ddtdata/input/tk/  ; HI Temperature
./../ddtdata/input/uv/ ; HI Ly-Alpha Intensity
../../ddtdata/input/wl/pb/ ; Polarised Brightness
../../ddtdata/input/wl/tb/ ; Total Brightness
../../ddtdata/input/wl/ne/ ; Electron Density
../../ddtdata/wmap/ ; Results

; Abundance

; Chromospheric Model

; Documentation and help
; Electron Temperature

Input File

../ddtdata/input/ddt_input/ddt_input_def.txt
uv_map.fits ; HI Ly-Alpha Intensity Image Fits File

Uniform ; Chromospheric Model 'uniform' 'notuniform’
analytical ; Chromospheric Profile 'empirical, 'analytical’
null ; Empirical Line Profile Data File

null ; Carrington Map Fits File

7.00 ; Constant Chromospheric Intensity

erg/(s cm”2 sr)/1.e4 ; Constant Chromospheric Intensity Unit
pb_map.fits ; Polarised Brightness Fits File (IN MSB)

null ; Electron Density Fits File

null ; Electron Density Data File

null ; Electron Temperature Fits File

null ; Electron Temperature Data File

1.00 ; Constant Electron Temperature (K/1.e6)

1.00 ; Anisotropy Values

thi_map.fits ; HI Temperature Fits File

null ; Hl Temperature Data File

0.00 ; Constant Proton Temperature (K/1.e6)

chianti.ioneq ; HI lonization Fraction Data File

0.10 ; He abundance with respect to H

3.0e7 ; Interplanetary Ly-alpha intensity (phot cm”-2 sr/-1 s”-1)
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b) IDL-save files
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Display Results : Wind Speed Maps
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Therefore, the following expressions, relative to the thermal width along p, are obtained:

w? = w2, cos? 0 + w; sin? 6 cos® 4 + w?, sin? O sin? ¢
Xo [2K
=20, /22 \/TI« cos2 0 + T, sin” 6 cos? ¢ + T/ sin® f'sin” 1)
c m

The temperature can be decomposed into a component along the line of sight and perpendicular to the coronal
magnetic field lines, T, (i.e., along y’ and z’) and a component parallel to the magnetic field assumed as
radially, 7} (i.e. along x).

Defining T,/ = T}, T,y = T, = T, , the dependence on ¢ vanishes then previous formula becomes:

w:)ﬂ % )‘01/ THc0520+TJ_Sm [4 (36)
c m cV m

Introducing an anisotropy factor, K; = ‘ we write equation 36 as:
Xo [2KT 26
w=—OQ/— L7 4 sin26
c m K;

13.83.2. Isotropic H 1 temperature

In case of isotropic H I temperature distribution, (T, = Ty = T,y = T,y = T, i.e. T) = T'1) Eq. 36 is equal to
Eq. 28, thus the width of the absorption profile, w, does not depend on 6 and .

Both in the isotropic and anisotropic cases, if the chromospheric intensity I;(n’) is assumed to be uniform over
the solar disk (I;(n")=I,), the integral over ¢ in Eq. 33 can be solved analytically.

Taking into account the first expression in Eq. 42, the integral over the angle ¢ in Eq. 33 is similar to

2n 2m
/ [a+b(n-n")?|dy = 2ma + b/ (nl,,)2dy (37)
o o

where
(ny, )2 = (cos @ cos f — sin ¢ cos P sin §)% =

= cos? ¢ cos? B — 2 cos ¢ cos O sin ¢ cos 1 sin § + sin? ¢,. cos® ¢ sin? §

and a and b are, respectively, 11/12 and 3/12.

Then, the second term of Eq. 37 is

27
b=
o
27
= b/ (cos? ¢ cos? B — 2 cos p. cos fsin ¢ cossin @ + sin® @, cos? P sin® §) dyy =
o
27 2n 2n
= b/ cos? ¢ cos? 0 dip — b/ 2 cos ¢ cos O sin ¢ cos ¢ sin O dyp + b/ sin? ¢, cos® ¢ sin? 0 dip =
0 0 o

27 27
= 27b cos? .. cos? 6 — 2b cos ¢, cos fsin P, sin § / costp dip + bsin? . sin? 4 / cos? ¢ dip
o o

Scre
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In the last equation, the middle term is equal to zero, from which

27 27
b/ (n),,)?dy = 2mb cos? ¢, cos? 6 + bsin® @ sin® 9/ cos? e dyp
0 0

where the last integral can be written as

2 27 1 + cos 2 1
d —d =-
/0 cos? 1 dip = / Y 2

Therefore, Eq. 37 can be rewritten:

27

¢ + siny cos 7,[1] =x (38)

0

27
/ la+b(n-n')]dy = 2ma + 27b cos® ¢, cos® § + mbsin® ¢, sin? § =
0
2 2 b, .
=2m( a+ bcos® ¢, cos” 0 + 53111 ¢pesin® 0

In conclusion, the expression of the synthetic coronal intensity, in the case of isotropic H I temperature (T =Tj),
becomes (see Eq. A.4 in Dolei et al. 2019)

_ 1 mhBy oo 11 3 13
I.(n) = ST a2y It/ Te RHdz/o 2 + = 2 cos? ¢ cos? 0 + 313 sin? ¢, sin? 6

- a; (6X; — 22v,, cos0)? |
X z =~ exp |:— w+o? sinf df (39)

In Table 3 a summary of the expressions concerning the described cases is reported:

Table 3: Summary of the resonant coronal intensity expressions linked to the described coronal con-
ditions. The chromospheric intensity is supposed constant.

Chromospheric profile: empirical
I(n) = "—L hB1z f+°° ne Rydzx

X [y [12 + 3 cos? ¢ cos?  + 3 sin® ¢ sin? 0] F(n/,v,,0)sin6 df

Chromospheric profile: analytical

— 1 npe hBi2 Foo
I (n) = ST a s 1t -5 ne Rpdz
(&\,—mvw cosf)?

X [y [12 + 12 cos? ¢ cos? 0 + 1 3 12 sin? ¢, sin 6] S \/—exp[ wTro? ] sinf df

Thanks to G. Capuano
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